Introduction
The liver is one of largest organs in the body which is made of hepatocytes, located right-hand portion of the abdominal cavity, divided into two lobes. Main functions of the liver are to produce bile, which helps carry away waste and break down fats in the small intestine during digestion and to produce certain proteins for blood plasma.
Approximately eighty thousand new liver tumors are diagnosed per year in the United States, and both primary or metastatic tumors of the liver generally respond poorly to all types of treatment modalities [1] [2] [3] . The decision of the optimal treatment modality in patients with liver metastases depends on the general clinical data, such as primary tumor type, imaging characteristics of the liver, number of the lesions, size, and location of the lesions, etc. A mapping of metastases in the liver is also very important to define volume of the uninvolved liver segments. The size of the uninvolved liver volume is very critical before decision of treatment modalities.
The prevalence of the liver metastases is very high for patients whose primary diagnoses are colorectal, pancreas, lung, and breast carcinomas. Local control of the disease may increase both quality of life and survival. Surgical resection of the liver metastases is known to be a first therapeutic option in patients with solitary and limited number of metastases [4] [5] . However, resection cannot be carried out in the majority of these metastases, and only 10-25% of those patients are candidates for curative resection [5] [6] [7] . Morbidity and mortality rates after hepatic resection were reported as high as 35% and 3% [8] [9] . Chemotherapy is also efficient method to treat the liver lesions which cannot be surgically removed. New chemotherapeutic agents and targeted therapies have been commonly used over the past decade and significant improvements in results for some primary sites have been observed [10] [11] [12] . Unfortunately, the results of systemic therapies need improvement for the majority of primary sites and liver metastases still remain as a difficult therapeutic challenge [4] . Several local treatment modalities, including cryosurgery, radiofrequency ablation (RFA), external/internal beam irradiation, and laserinduced thermal therapy, have been used to treat these metastases. RFA is the most common method used in practice for treatment of liver metastases. This method has some limitations, such as tumor size (smaller than 3 cm) and proximity of major biliary/vascular structures [13] [14] .
Treatment of intrahepatic metastases by radiotherapy had a limited role in the past because of the low tolerance of the whole liver to irradiation. New radiotherapy techniques, such as stereotactic body radiation therapy (SBRT), allows delivering high dose of radiation in a single session or limited number of sessions to a confined area, while sparing surrounding critical organs and other healthy tissues. With the development of robotic stereotactic body radiation therapy (rSBRT) device, it is possible to track tumor motion during in the treatment by using implanted fiducial markers combined with respiratory motion modeling. However, only a few number of studies have been published to evaluate the efficiency of rSBRT for liver metastases [7, [15] [16] [17] . The aim of this study to show feasibility, efficiency and low morbidity combined with a high local control probability in use of rSBRT treatment for liver metastases.
in our center between July 2006 and December 2011 were reviewed for this study. Primary site of malignancy for patients are listed in Table 1 . 
Pre-treatment preparations
An average of three (three to five) fiducial markers (Civco Medical Solutions, Kalona, Iowa) were implanted percutaneously under CT-guidance with local anaesthesia. Fiducials were made of gold and cylindrical-shaped. These were implanted in or near tumor volume by keeping minimum distance between the fiducials of 2 cm. After implementation, all patients were kept waiting minimum a week to check the possibility of fiducial migration. Patients were immobilized in supine position by using whole body vacuum cradle immobilization device and fitted with the Synchrony vest. Computed tomography (CT) images were recorded with same immobilized position and vest without using contrast material. CT images were taken in 1 mm slice thickness using breath-holding technique. In addition, T1-weighted magnetic resonance images were scanned using contrast material for all patients.
Treatment planning and delivery
Treatment planning CT, magnetic resonance imaging (MRI), and positron emission tomography-CT (PET-CT) were used for tumor delination. All these scans were imported into the treatment planning system (Multiplan, version 2.2.0) and fused digitally, often with CT images, PET-CT scans, or MRI images. Contouring was done using only CT/MRI fusion in six (11%) patients. Treatment planning CT was alone used for contouring in one patient. CT/PET-CT and CT/MRI fusions were used for accurate identification of the location of the gross tumor volume (GTV) in other 48 (87%) patients. The planning target volume (PTV) was defined as a 5 mm uniform margin around GTV to account for possible microscopic disease and targeting uncertanity. The liver, kidneys, spinal cord, lungs, stomach, duodenum, and intestine were contoured in planning.
Published reports have showed that minimum volume of 700 cc of liver should remain uninjured by SBRT (18) (19) . We mandated that minimum 700 cc of normal liver had to receive at total dose less than 15 Gy in three to five fractions. Dose constraints for organs at risk (OARs) were applied in all treatment plans as listed in Table 3 . Treatment plan dose was prescribed at the PTV with an isodose line range 70-85% which was covering the 95% volume of PTV. CyberKnife (Accuray, Inc., Sunnyvale, CA) was used for rSBRT. Tumor tracking was performed using the Synchrony system (Accuray) during rSBRT and the total treatment time was approximately 50-180 min, with most patient treated within 100 min. 
Follow-up and toxicity
The patients were examined at three month intervals after rSBRT by biochemical examinations and imaging. PET-CT or MRI were performed at each follow-up. Response was evaluated according to RECIST (Response Evaluation and Criteria in Solid Tumors) criteria [20] . Complete response (CR) was defined as the complete disapperance of the target lesion. Partial response (PR) was defined as at least a 30% decrease in the longest diameter of the target lesion. Progressive disease (PD) was defined as at least 20% increase in the longest diameter of the target lesion. Stable disease (SD) was defined as a tumor status that no any changes in tumor dimensions or vascular modification. Local control was defined as the absence of tumor progression within or at the border of the radiation field based on imaging. Local recurrence was defined as failure within treated volume or at the border of the radiation field. Toxicity was also scored using National Cancer Institute (NCI) Common Terminology Criteria for Adverse Events (CTCAE) v3.0 [21] . Toxicity which was occurred in the first three months after rSBRT were termed as acute toxicity. Events which occurred after three months from rSBRT were termed as late toxicity.
Statistical analyses
SPSS 17 (SPSS Inc, Chicago, IL) software was used for the statistical analyses. Fisher's exact test and Log Rank were used to assess relation between category variables. The rates of actuarial overall survival, actuarial local control, actuarial survival by primary tumor types, and actuarial survival by number of treated lesion(s) were calculated by the Kaplan-Meier survival curve method. All parameters were tested by univariable and multivariable regression model. Cox regression model was used to express the factor effecting local control and overall survival.
Results

Patient population
Fifty-five patients (32 males -23 females) who had liver metastases from various primary sites were treated with rSBRT using real time tumor tracking system. The mean age of patients was 61 years (range 22 to 86 years). Primary sites included colorectal (n=23), pancreas (n=8), breast (n=7), lung (n=6), bladder (n=3), and others (n=8). Of the three patients who had two liver metastases in the same lobe, single treatment plan was created and delivered. Of the two patients who had three liver metastases in the same lobe, single treatment plan was created and delivered. Eighty-four lesions derived from different primary sites in 55 patients were treated with totally 77 treatment plans. Median time from primary tumor diagnosis to first liver metastases was 17 months (ranging between 0 and 151 months). Median time from first liver metastases to rSBRT was six months (range of 0-15 months). Of the 33 (60%) patients treated with rSBRT, there was no other organ metastases, except liver. Nine (17%) patients had only lung and five (9%) patients had only bone metastases, except liver lesions during in rSBRT. Four (7%) patients have only one metastases, except lung or bone. Four (7%) patients had multiple (≥2 different organ) metastases except liver lesions during treatment. One-fifth of patients, 11 (20%), didn't receive any concurrent systemic therapy during irradiation ( Table 2) .
Dose-volume characterictics
The dose-volume characteristics of treatments are listed in Table 4 . Median collimator size was 20 mm (range: 10 mm to 35 mm). The total prescribed dose was 45 Gy (range: 24 Gy to 45 Gy) in median three (range: three to six) fractions. The radiation dose was prescribed to median 80% (range: 70% to 85%) isodose line. The median percent of the PTV covered by the prescription isodose line was 96.6% (range: 90% to 99%). Mean number of beam used for rSBRT was 224 (range: 117 to 314). The minimum normal liver volume (700 cc) received mean 7.8 Gy (range: 2 Gy to 14.6 Gy). 
Clinical outcome
Fifty-five patients were accepted and evaluated for this study. Six patients had no follow-up images in our system. Tumor response rates, local control, and survival analysis for 49 (89%) patients are listed in Table 5 .
Variable Value
Patients (n) 49
Alive(n) 22
Dead(n) 27
Follow up (mo) Twenty-seven (55%) patients died, and 22 (45%) were alive at the time of our evaluation. The median follow-up was 12 months (range: four to 39 months). CR was seen in 25 (51%) patients, PR in 12 (25%) patients and SD in two (4%) patients at first follow-up. Ten (20%) patients progressed inside the treated volume at first follow-up. PD was seen in 17 (35.4%) patients at second follow-up. Percentage of tumor response (CR, PR or SD) rate was decreased from 80% to 63% at the time of second follow-up. An example of CR with continued local control at second follow-up is shown in Figure 1 . Logistic regression model was used for evaluating effect of different parameters to tumor response. Age, gender, location of primary tumor, tumor size, number of fraction, total dose, receiving concurrent chemotherapy and rSBRT, presence of other metastases, except liver, and number of treated lesions were analyzed using logistic regression model. Location of primary tumor is the only parameter that affects tumor response. Colorectal tumor metastases had better results than other tumor metastases in the first follow-up (p=0.05). The effect of other organ metastases to tumor response was evaluated. Of the 19 (39%) patients who had other organ metastases, except liver, progression was seen in two patients. Of the 30 (61%) patients who had no other organ metastases, except liver, progression was seen in eight patients. No correlation was found statistically (p=0.16, Fisher's Exact Test) between tumor response and presence of other organ metastases, except liver. The effect of receiving chemotherapy during rSBRT to tumor response was observed. No progression was seen in all eight (16%) patients who had no systemic therapy during rSBRT. Of the 41 (84%) patients who had received chemotherapy during rSBRT, progression was seen in 10 patients. There was no significant correlation statistically (p=0.14, Fisher's Exact Test) between tumor response and receiving chemotherapy during rSBRT.
The actuarial local control rate for patients is shown in Figure 2 . The actuarial one-year and two-year local control rates were 61% (95% confidence interval (CI), 53%-69%) and 39% (95% CI, 28%-49%), respectively. Of the complete responding patients at the first follow-up, developed local recurrence in 12 (48%) of them, with a median time to relapse of 10 months (range six months to 23 months). In two patients who had PR at first follow-up, CR was seen at second follow-up. Kaplan Meier univariate analysis and Cox regression multivariate analysis were used for evaluating local control. Results are seen in Table 6 . Age, number of treated lesion(s) and number of fraction was statistically important for local control according to Cox regression multivariate analysis. Patients with >60 years old and one or two metastases and patients who received ≤3 fractions had better local control according to our statical results.
The median overall survival was 16 months. The actuarial overall survival rates for patients are shown The actuarial one-year and two-year overall survival rates were 79% (95% (CI), 73-85%) and 56% (95% CI, 48-63%), respectively. The overall survival rates were evaluated according to primary tumor histology, and statistically no difference was found between colorectal liver metastases and other primary tumor metastases (p=0,085 Log rank). The actuarial one-year overall survival rates were 70% (95% (CI), 59-81%) and 67% (95% (CI), 56%-77%) and two-year were 52% (95% (CI), 38%-66%) and 37% (95% (CI), 25-50%) were for colorectal liver metastases and other primary tumor metastases, respectively ( Figure 4 ). Kaplan Meier univariate analysis and Cox regression multivariate analysis were used for evaluating overall survival. Results are shown in Table 7 . Number of treated metastases was statically important for overall survival according to Cox regression multivariate analysis. Patients having one or two metastases treated had better survival than three metastases, according to our statistical results, as shown Figure 5 . 
Toxicity
Toxicity was evaluated in 49 patients according to NCI CTCAE, v3.0 criteria. All treatment was well-tolerated. No patient experienced dose-limiting toxicity. Acute and late toxicities of liver rSBRT are listed in Table 8 . Hepatic pain and nausea were the most commonly observed toxicities. Fiducial migration was seen in five patients during rSBRT planning. Bleeding complication was observed in three patients during percutaneous implementation of fiducial markers. 
Discussion
Liver is a common site of metastatic disease. The local control of oligometastatic disease might lead to improved systemic control. Several series have reported the outcomes after surgical resection of liver metastases [5] [6] 22] . However, only a small portion of patients with liver metastases are candidates for surgical resection. In surgical series, resection of metastases increases median survival to approximately one year [4] . Patients with central lesions have the worst prognosis and the fewest therapeutic options. Other local ablative techniques or systemic therapies provide for a number of treatment options [10] [11] [12] [13] [14] .
SBRT for liver metastases has been described in only a few studies [15] [16] [17] [18] 23] . Different dose and fraction schema was tested in all these studies. These studies show that high local control rates can be achieved in patients with multiple liver metastases. In our study, the actuarial one-year and two-year local control rates were 61% (95% confidence interval (CI), 53-69%) and 39% (95% CI, 28-49%), respectively. These results are similar to previously published series [4, [16] [17] [18] .
In this study involving rSBRT, the median overall survival was 16 months, a result which is similar to published series [16] [17] [18] . The actuarial one and two-year overall survival rates were 79% (95% (CI), 73-85%) and 56% (95% CI, 48-63%), respectively. These results agree with the prior medical literature as reported by Wulf, et al. [24] ; one and two-year overall survival rates were 76% and 61%, respectively. Some factors, such as patient selection, additional metastases to other organs, etc., could adversely affect the local control and survival. Both Cox regression multivariate analysis for local control and survival show that number of treated lesion(s) is one the important parameters affecting treatment results. The effect of primary tumor histology and receiving systemic therapy were also observed in this study but these results are not significant. These parameters maybe need re-evaluation with larger patient populations in further studies.
Conclusions
The results of our study have shown that rSBRT for the treatment of liver metastases is feasible and safe with minimal side-effects. Further studies are required with larger patient series to compare rSBRT with other local ablative techniques and systemic therapies.
